Abstract-An ultrafast electrically-pumped VECSEL design requires adjustments between electrical resistance, optical losses, dispersion and cw output power. Validating our simulations with homogeneous current injection in large devices, 120 mW cw output power are generated.
INTRODUCTION
Today the high-power modelocked laser market is dominated by solid-state lasers with an intra-cavity component for pulse formation. Their large size, high cost and complexity limit their commercial use in numerous applications such as displays, biomedical imaging or optical clocking of multi-core processors. Semiconductor modelocked lasers have the potential to replace solid-state lasers in many of these applications. To date, edge-emitting lasers (EEL) have been reported with average output power up to 250 mW in picosecond pulses at 4.3 GHz [1] . In these devices, the monomode waveguide limits the lateral scaling, in addition, the long light interaction length in the waveguide introduces significant dispersion and nonlinearities. It is very challenging to increase the output power of EELs to the Watt regime with ultrashort pulses. Vertical external cavity surface emitting lasers (VECSELs) appear better suited for the generation of ultrashort pulses with high peak power. Optically-pumped (OP) VECSELs, using a semiconductor saturable absorber mirror (SESAM [2] ) for passive modelocking, have generated shorter pulses and higher average powers than any other modelocked semiconductor laser (i.e. 135-fs pulses at 35 mW average power [3] and 2.1 W in 4.7-ps pulses [4] ). Electrical pumping (EP) of modelocked VECSELs is the obvious next step towards high-power ultrafast compact laser sources. In 2003, Novalux Corporation reported a continuous-wave (cw) output power of 900 mW from their proprietary EP-VECSEL, referred to as the NECSEL [5] . So far, modelocking of a NECSEL has been demonstrated with 40 mW of average power in 57-ps pulses [6] . The modelocking of EP-VECSELs requires a design with an optimized balance between electrical resistance, optical losses, dispersion and cw output power. Our detailed numerical study of EP-VECSELs [7] enabled us to develop an optimized design compatible with passive modelocking. In this paper, we discuss our design approach and present initial EP-VECSEL devices generating >100 mW cw power. Homogeneous current injection is achieved even for large devices, showing very good agreement with our numerical simulations.
II. EP-VECSEL DESIGN AND FABRICATION
The design guidelines of our EP-VECSELs have been previously discussed in [7] . Fig. 1 shows a schematic diagram of our EP-VECSEL chip and a simulation of the carrier transport in a selected device. An coupled electro-opto-thermal model using microscopic carrier transport equations was used [8] . In addition, a thermionic emission model addresses abrupt hetero-interfaces [7] . The good confinement of the injected current into the center of the device is ensured by an optimized p-doped distributed Bragg reflector (DBR), a small bottom disk contact, and on top a thick current spreading layer (CSL) with a ring electrode. The low mobility of the holes in the p-DBR confines the carriers to the volume above the bottom disk contact and the high mobility of the electrons in the thick CSL allows their recombination in the center of the device [7, 8] . A low reflective n-DBR between the Quantum Wells (QWs) and the CSL is introduced to enhance the gain of the structure and to reduce the cavity losses by decreasing the field strength in the doped top layers. The AR section on top of the structure and the moderate thickness of the CSL reduce the dispersion, favoring stable modelocking. Figure 1 . Sketch of our EP-VECSEL gain structure and simulation of the injected current in a radial symmetry (disk contact Ø of 80ȝP 7KH color map of the current density is in A/cm 2 , the black lines show current trajectories.
The structure was grown by molecular beam epitaxy (MBE) in reverse order to allow for substrate removal. To reduce the resistance of the 30 pair p-doped DBR, a 16 nm "staircase grading" with five Al (1-x) Ga x As layers of different composition was inserted between each AlAs/GaAs interface. Additionally, the doping levels were increased in layers where the electrical field is low. This adds no significant additional optical losses. The doping levels in the p-DBR (from bottom to top) are [5, 4, . The GaAs CSL is 6 μm thick and n-doped with a concentration of 2·10 18 cm -3 . The top AlAs/GaAs AR section is undoped. The epitaxial layers have been fine tuned to obtain a lasing wavelength around 965 nm at an internal temperature of about 100-120°C. Accordingly, the QWs emission wavelength has been detuned by 25 nm. The different EP-VECSELs have been processed on a single chip. For efficient heat removal, the chip is bonded to a CuW wafer, which has the same coefficient of thermal expansion as GaAs.
III. EXPERIMENTAL AND SIMULATION RESULTS
The lasing performance of the 61 EP-VECSELs has been measured in a simple straight cavity at 3°C using an output coupler with a radius of curvature of 25 mm and a transmission of 10%. The output powers obtained for the different EP-VECSEL sizes are plotted in Fig. 2 . The linear increase of power as function of the bottom contact diameter demonstrates power scalability up to 120 mW. The light-current-voltage (L-I-V) curves of an EP-VECSEL with more than 100 mW power using a 5% output coupler are plotted in Fig. 3 , a thermal rollover is not visible. The differential quantum efficiency at 525 mA is about 25% and the wall-plug efficiency about 5%. The efficiency will be improved by using an optimized pdoped DBR. A lower current threshold value could be expected but the QWs detuning of 25 nm increases the lasing threshold [5] . The differential resistance of the laser presented in Fig. 3 is ~2.1 ȍ DW ODVLQJ WKUHVKROG [7, 8] . Devices with bottom disk diameters up to 100 μm are favorable for TEM 00 beams. 
IV. CONCLUSION AND OUTLOOK
We present a detailed experimental and numerical study on electrically-pumped VECSELs. The lasing results demonstrate scalability of the output power up to 120 mW. In a next step, we will perform modelocking experiments and further optimize the presented design.
